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ABSTRACT: Enhancing photocatalytic oxygen evolution is vital for renewable energy. In this work, we demonstrate how
plasmon-induced resonant energy transfer (PIRET) from gold nanoparticles (AuNPs) to Fe- and Co-doped nickel hydroxide
(Ni(OH),) can improve this process. PIRET involves the transfer of energy from excited AuNPs to nearby molecules, boosting
their reactivity. We show that doping Ni(OH), with Fe or Fe/Co results in a significant enhancement in photocatalytic activity,
achieving a 72% increase in oxygen evolution reaction (OER) performance compared to pristine Ni(OH), layered double
hydroxide (LDH). In addition, a reduced optical band gap from 2.8 eV (pristine Ni(OH), LDH) to 2.3 eV and the formation of
flat bands was observed, enabling efficient energy transfer upon plasmonic nanoparticle integration and enhancing electronic
properties. This supports that the PIRET mechanism is responsible for the increased OER performance. This study demonstrates
the crucial role of PIRET in enhancing plasmonic energy transfer and the synergistic effects of doping and AuNP coupling. These
findings highlight the broader potential of material engineering in advancing efficient and sustainable energy technologies.

KEYWORDS: Ni layered double hydroxide, Oxygen evolution reaction, Plasmonic gold, PIRET, Photocatalysis, Energy
transfer
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1. Introduction

Nickel-based layered double hydroxides (LDHs) include nickel(II) hydroxide (Ni(OH),) and mixed metal salts with the

View Article Online

composition [Ma,_>Mb*(OH),]*** [(A™),,* y H,O]* !(where Ma represents a divalent transition metal, Mb fptekents &/ vl 2t
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one, and at least some proportion of Ma or Mb is nickel) 2. They are popular catalysts for reactions relevant to the production of
clean fuel, such as the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). Both of these reactions ultimately
aim to improve the efficiency and cleanliness of fuel consumption, which is crucial in addressing our current climate crisis.
Specifically, these two reactions are the half-reactions involved in water splitting, utilized in solar fuel cells to directly generate
energy stores from sunlight 3.

Ni-based LDHs use earth-abundant transition metals and are more accessible than the expensive traditionally used catalysts,
which often contain precious metals like platinum * 5. These LDHs are desirable not only for their accessibility but also for their
performance, durability, and tenability. However, a few undesirable attributes, such as poor conductivity, still hinder the reactivity
of these electrocatalysts towards water molecules. Therefore, diverse strategies can be used to control their properties like doping
and synthetic conditions, leading to greater potential performance and the enhanced adsorption of oxygen-related intermediates &
7. Tt is known that doping Ni(OH), with transition metal elements such as Fe and Co enhances their catalytic activity for OER
compared to pristine Ni(OH), 19, Doping results in shifting the Ni*/Ni3* redox peak. For example, adding Fe increases the redox
potential, while Co has the opposite effect !'. These shifts have implications on both the onset and overall activity of OER in
alkaline pH, as reported by Mukerjee et. al., ' and Louie and Bell '? in their studies on NiFe hydroxide thin films. Further insights
were provided by Oliver-Tolentino and coworkers !* in their comparisons of NiFeLDH and NiAILDH. It has been reported that Fe
is one of the two metals (alongside Mn) that maximally enhance the electrocatalytic performance of Ni(OH), . Incorporating Co,
on the other hand, modulates the crystal structure of the hydroxides, enabling the formation of favorable interfaces between more
conductive phases and more catalytically active ones '>18,

Plasmonic metal nanoparticles (PMNPs) such as Au, Ag, and Cu, have been explored to harness solar energy to improve
catalytic properties. In heterogeneous catalysis, the distinction between surface plasmon resonance (SPR) and localized surface
plasmon resonance (LSPR) 20 is relevant. The LSPR effect has been extensively reported in the context of electrocatalysis and
water splitting, as observed in various configurations such as Au nanorods (AuNRs) 2!, Au nanoparticles (AuNPs) 22 on MoS, and
AuNP-decorated Ni(OH), nanosheets (Au*Ni(OH),) 2*. This phenomenon has practical implications for the design of
electrocatalysts using plasmonic effects, with considerations for charge injection. Interestingly, for heterogeneous catalysts where
a semiconductor interfaces with PMNPs, two main mechanisms are possible, i.e., (1) direct charge injection and (2) plasmon-
induced resonant electron transfer (PIRET). In the PIRET mechanism, the coupled PMNPs work like antennae, harnessing light
to generate charge carriers (electron-hole (e-A") pairs) via dipole-dipole coupling. This mechanism is proposed to explain the
enhanced catalytic activity of the heterogeneous systems when the band gap of the donating atom in the catalyst is smaller than
the excitation energy of the PMNPs.

Liu and coworkers 2* demonstrated in their work that it is possible to increase the catalytic performance of Ni(OH), by
decorating it with AuNPs and exposing it to laser light. Specifically, this increased and decreased the OER current and onset
potential, respectively. To explain the influence of these conditions on OER, they invoke the LSPR phenomenon, where
electrons on AuNPs oscillate in response to light with a proper frequency. They proposed that the laser light creates oscillating
plasmons which are then conducted away. This creates a charge deficiency that cascades down from the AuNPs to the
underlying Ni(OH),, thereby becoming more oxidative and effective at catalyzing OER. The presence of LSPR, a well-
documented phenomenon under these conditions, suggests its contribution to the catalytic process.

Beyond replicating Liu’s findings 23, our study demonstrates that when Ni(OH), is doped with Fe or with both Fe and Co,
the OER current can be further enhanced through the LSPR mechanism and, moreover, that this process involves interactions
between the electronic structure of Ni-based LDHs and AuNPs that have not been considered in Ref. 2. By identifying features
of the underlying catalyst that are responsible for producing more favorable coupling with the plasmons, we aim to gain insight
into strategies for rational design of new catalytic systems based on the LSPR mechanism.

Due to the variability in the synthetic methods and structural phases, understanding the band structure of Ni-based LDHs is of

major importance. In our experimental study, all samples of Ni-based LDHs were characterized, particularly those decorated with
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AuNPs showing light-driven OER enhancement. AuNPs were chosen as the representative PMNP owing to their favorable band
gap and high corrosion resistance. This study aims to provide an explanation of the catalyst modification along with the resonant
energy transfer mechanisms contributing to plasmonic-driven enhancement in OER. The work involves experimental and theoreticahiine

. . . L ) DOI: 10.1039/D5CP01022E
calculations to elucidate the nature of PIRET intervention in the OER mechanism.

2. Experimental Procedures

The synthesized materials used in this work are as follows '': Ni(OH),, a layered double hydroxide with nickel as the sole
transition metal, 3:1 NiFeLDH, where Ni?>" and Fe*" are combined in 3:1 molar ratios during synthesis; 8:1:1 NiFeCoLDH, where
Ni?*, Fe3* and Co?* are combined in 8:1:1 molar ratios during synthesis; 9:1 NiFeLDH, where Ni?" and Fe*" are combined in 9:1

molar ratios during synthesis and AuNPs with an estimated average diameter of 5 nm.

Representative models for the materials Ni(OH),, 3:1 NiFeLDH and 8:1:1 NiFeCoLDH, which were used for computational
purposes, are shown in the SI Figure 1. To represent 8:1:1 NiFeCoLDH, it was deemed appropriate to use a model with 6:1:1
ratios of Ni:Fe:Co (hereafter referred to as 6:1:1 NiFeCoLDH) as modeling 8:1:1 NiFeCoLDH exactly required an impractically
large model cell, shown in Figure S2. We justify the use of the material with different metal ratios as an approximation for 8:1:1

NiFeCoLDH in this work.

In order to establish the proper magnetization of the LDHs, we use a set of “trial” magnetic configurations which are compared
in Section 3.2.1 “Geometric Properties”. The candidate magnetic configurations and the abbreviations used to refer to them are

given in the SI Figure S3.

The procedures for synthesizing and characterizing these materials as well as performing electronic structure calculations are
given in the Supplemental Information (SI) in the “Procedures for Materials Synthesis, Simulations, and Analysis” section. The
synthesized AuNPs, the NiFeLDH decorated with AuNPs, the related absorption spectra, and the related tandem electron

microscopy (TEM) image are shown in Figure S4 of the SI. Representative cyclic voltammagrams

The absorption spectra confirm the formation of a chemical interface between the Ni-based LDH and AuNP. The amount of
Au loading was determined using EDS data (Hitachi field emission SEM with EDAX). Au loading was 3.78%, 2.2 % and 2.6%
on Ni(OH), ¢ Au, 9:1 NiFeLDH ¢ Au and 8:1:1 NiFeCoLDH ¢ Au samples respectively. The HR-TEM was measured using
Thermofisher Titan Themis 300 S/TEM, 300 kV).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Surface areas of these samples have been published earlier (supporting information of reference !') and other similar publications
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3.1. Experimental Results

3.1.1. X-Ray Diffraction

We conducted X-ray diffraction (XRD) measurements on four synthesized Ni-based LDHs, namely Ni(OH),, NiFeLDH (two
different ratios), and 8:1:1 NiFeCoLDH. All of them exhibit peaks characteristic of a rhombohedral cell structure 2 as are labeled
in Figure 1. The occurrence of specific peaks exclusive to certain materials implies the presence of multiple phases that can only
form in those materials with the appropriate proportion of metal ions. As an example, the sharp peak near 26 = 25° labeled 006
is known to occur in other mixed nickel-iron layered double hydroxides 2> 2°. In addition, this peak, as well as that near 260 =
12°, are directly tied to the interlayer spacing in the material 2’. The shifts in these peaks between the pure and doped materials
suggest that adding dopants results in the formation of layered double hydroxide phases with different interlayer spacing.
Especially interesting is that for those phases with low concentrations of dopants (9:1 NiFeLDH and 8:1:1 NiFeCoLDH), there
appear to be two distinct peaks which could be assigned to the 006 Miller index, one with 26 similar to that of Ni(OH), and one
similar to that in 3:1 NiFeLDH. A logical interpretation is that the 3:1 NiFeLDH has a layered double hydroxide crystal
structure with a different interlayer spacing from Ni(OH),, and 9:1 NiFeLDH and 8:1:1 NiFeLDH contain some proportion of
both this phase and the undoped Ni(OH), phase. A significant peak broadening is observed in the spectra of all materials with
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Ni(OH), exhibiting particularly pronounced broadening. This indicates the presence of extensive structural disorder across all
phases 282,

View Article Online

—Ni(OH), — =31 NiFeLDH DOI: 10.1039/D5CP01022E
= = 9:1 NiFeLDH 8:1:1 NiFeCoLDH
003
009 110
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Figure 1: X-ray diffraction spectra of the synthesized Ni-based LDHs, normalized to the same maximum intensity. Peaks corresponding to a

rhombohedral cell are labeled with Miller indices.

Interestingly, we found that adding AuNPs to the Ni-based LDHs does not change the observed XRD spectra significantly for
9:1 NiFeLDH and 8:1:1 NiFeCoLDH (see Figure S5). This implies that the presence of AuNPs will not induce atomic-level
changes in the semiconductor structures. Consequently, we extend the structural characteristics observed in the bare LDHs to their
gold-decorated counterparts. Notably, due to the highly random morphology of AuNPs in our samples, the associated peaks in
the XRD spectra will be small and broad, and blend with the background. In any case, it is more important that they do not
influence the structure of the underlying semiconductors, so we may extrapolate any conclusions involving the structures of the

undecorated materials to their decorated counterparts. We do so here in this work.

At this stage, we note some qualitative similarities between the spectra shown here and other layered double hydroxides in
the literature. All of them share peaks with a NiMn layered double hydroxide with mixed o and  phases studied by Hall and
coworkers 28 (besides a disagreement on the precise location of the 006 peak) as well as a NiFeCo hydroxide characterized by
Attias and coworkers *. So, it is reasonable to claim that the underlying semiconductors, whether decorated with gold or not,

are layered double hydroxides.
3.1.2. Structure Fitting

As discussed before, the synthesized materials are likely multiphasic. Therefore, any single model cell used to represent them
will be inherently inaccurate. We aim to construct model cells for each material, not to replicate them 1:1, but to
approximate them well enough to gain insight into the electronic structure of the materials in computational studies. We
use XRD analysis to justify that the model cells we have chosen for computational studies are good representations of

the materials.

The calculated XRD spectra of the Dionigi-based models 3' of 3:1 NiFeLDH and a-Ni(OH), fit the observed spectra of their
synthesized counterparts using the Le Bail method 3? (see Figures S6(a) and (b)). Using the Le Bail fitting technique, it was
determined that our synthesized 3:1 NiFeLDH semiconductor can be modeled accurately using Dionigi’s model, with an
excellent match between the observed and calculated spectra. Similarly, our Ni(OH), semiconductor closely resembles the a-

Ni(OH),-like cell, constructed by substituting Ni atoms into Dionigi’s model 3'.

The results of Le Bail fitting, the calculated XRD spectra of the Dionigi-based model of 6:1:1 NiFeCoLDH, and the observed
spectra of the synthesized 8:1:1 NiFeCoLDH are demonstrated in Figure S6(c). Despite the different compositions of the model
and the real sample, we also show that there is a strong agreement between the XRD spectra obtained from the real material and
those predicted by the model. In all cases, we have confirmed the use of the models as precise representations of the materials for
predicting electronic structures via density functional theory (DFT) calculations. To determine the accuracy of the Le Bail fits

spectra, we express the maximum difference between the fit and the corresponding experimental spectra (purple lines in
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Figures S7 (a)-(c)) as a percentage of the maximum height of the experimental XRD spectra. The error in XRD fitting using
this metric is 15% for 3:1 NiFeLDH, 32% for Ni(OH),, and 30% for 8:1:1 NiFeCoLDH.

We supplement our structure prediction of Ni(OH), by performing phase quantification using the peak brggc‘lzel%irll Vgﬁétgrgggqué‘gg
peak to determine the ratio of a and B phases in the sample. Using DIFFaX simulations by Rajamathi et al. 2, it was found that the
broadening of this peak (expressed as a ratio of peak width to height) correlates linearly with the proportion of phases in the sample,
with the line of fit given in Figure S7. We extend the extrapolated line of best fit to estimate that the Ni(OH), sample contains the
B phase in a proportion of only 26%, with the remainder being the o phase, resulting in a ratio of o to B phases of 2.9:1. Given that
the sample primarily exists in the o phase, it may be appropriate to employ an a-Ni(OH),-like cell to represent it. Moreover, it is
consistent that a crystal cell primarily composed of a-Ni(OH), should conform to the rhombohedral motif discussed earlier 3. In
the Electronic Properties section, we will further discuss the use of the a phase rather than the 3 phase. The highly random,

unpredictable nature of a-Ni(OH), means we must consider the possibility that unusual features of our XRD spectra are caused by

things other than, or in combination with, the formation of new crystal phases.

Given the good qualitative performance of the XRD spectrum fitting procedure for all materials, the phase quantitation of
Ni(OH), suggesting a primarily a-phase crystal, and the aforementioned literature support, we deem it appropriate to use the
model cells we have chosen for representing the synthesized semiconductors in DFT calculations. The real materials may
deviate from the models in terms of their lattice parameters, particularly the interlayer spacing. For instance, Dionigi and
coworkers 3! demonstrated that the interlayer spacing of 3:1 NiFeLDH is different from that of 3:1 CoFeLDH and that the lattice
parameters of both materials will change when they are oxidized. Furthermore, the model cells do not represent the suspected
multiphasic nature of the materials, and we see in our Ni(OH), phase quantification that there is about 26% B-Ni(OH), in our
sample. Where the model cells we constructed excel is in capturing the rhombohedral motif that all of our synthesized materials

and similar materials in literature share.
3.1.3. Electrochemical Measurements with Plasmonic Response

In the next step, all the synthesized LDHs are used as photocatalysts for catalyzing OER with and without the presence of AuNPs.
Figure 2(a) shows the OER response of undecorated LDHs. At the currents measured at a potential of 1.7 V vs RHE, the activity of
the catalyst for OER is very low. All the LDHs showed a minimal increase in current when exposed to laser light, except for 9:1

NiFeLDH which had a 10% increase. Coupling the catalysts with AuNPs, a significant OER enhancement is observed, more

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

specifically on 9:1 NiFeLDH ¢ Au with a 22% increase in current when exposed to laser light (see Figure 2(b)). Thus, we can
confirm that AuNPs work as antennae, capturing the light, and accelerating the transfer of electron-hole pairs which consequently

leads to the OER enhancement.
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Figure 2. Effect of Au coupling on the OER. (a) without AuNPs, (b) coupled with AuNPs.

Moreover, based on the cyclic voltammetry (CV) measurements, single doping with Fe and co-doping with Fe and Co (9:1 for
NiFe LDH and 8:1:1 NiFeCoLDH) result in a reduction of the OER onset potential by 100-120 mV compared to both undoped
Ni(OH), and those doped solely with Co. At a voltage of 1.7 V, current measurements yielded a current density of approximately
10 mA/cm? for doped catalyst samples and around 5 mA/cm? for undoped ones. These values fall within the range of
electrochemical data typically reported in the literature >34, Our findings demonstrate that incorporating AuNPs into the modified
Ni(OH), catalyst, particularly 9:1 NiFeLDH, significantly enhances its photocatalytic properties for the OER. Our experimental
evidence indicates that the electronic properties of the LDHs remain unaltered by the presence of AuNPs. Therefore, we can rely
on the electronic properties of the LDHs without AuNPs. In the subsequent sections, we thoroughly explore the underlying factors
contributing to the enhanced OER activity facilitated by AuNPs, an area of research that has received limited attention thus far.
We conducted calculations to elucidate the underlying energy transfer mechanism responsible for the observed enhancement in the

OER of the LDHs in the presence of AuNPs. The corresponding linear sweep voltammograms are in section S8.

3.1.4. Diffuse Reflectance

The diffuse reflectance spectra of the semiconductors highlight a significant distinction in the absorption profile between pristine
Ni(OH), and the doped LDH materials. Specifically, Ni(OH), exhibits a steep absorption slope in the 300 nm to 200 nm wavelength

range, whereas the slope is comparatively shallower in the doped materials (see Figure 3).
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Figure 3: Reflectance spectra of various synthesized semiconductors as a function of wavelength.

The Kubelka-Munk (K-M) transformation was applied to the diffuse reflectance spectra to obtain the optical band gaps. The
classical K-M model has been extensively employed 33 where Kubelka and Munk suggested that absorption and scattering are first-
order phenomena . Currently, K-M model is used to estimate the optical gap of the semiconductor materials to convert the diffuse

reflectance into the absorption coefficient via the following equation:

~K_A=R? _
a~s="7L=FR) (1)

where K and S are the absorption and scattering coefficients, respectively. We determine the optical gap of each catalyst from the
F(R) plot versus energy (E). Then, we fit the linear portion of the curve by a straight line (see Figure S9). One can see that the
calculated optical gap of the Ni(OH); is slightly decreased upon its coupling with AuNPs using the Kubelka-Munk transformation
from 5.2 to 4.9 eV. The corresponding details about the use of F(R) are given in the SI.

In contrast to the pristine Ni(OH),, the optical gap of the NiFeLDHs and 8:1:1 NiFeCoLDH is significantly decreased from 5.2
eV in pristine Ni(OH), to 2.2 - 2.3 eV in the doped materials. This can be due to the doping effect with Fe or Fe and Co (see Figure
S10 and Table 1). This aligns with our observations indicating that the OER enhancement in the presence of AuNP is more
pronounced for the doped LDH materials compared to pristine Ni(OH),. Doping of the materials results in occupied states in the

band gap that reduces it to an effective value of approximately 2.5 eV which is very close to the plasmon energy of the AuNP. This

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

resonant situation of PIRET leads to an efficient transfer of energy between the AuNP and the doped material, without any charge

transfer.

Open Access Article. Published on 05 August 2025. Downloaded on 8/10/2025 7:20:04 PM.

Table 1: Estimated optical gap in the LDH materials using the K-M transformation.

E Material Optical Gap (eV)
Ni(OH), 52
Ni(OH), * Au 49
3:1 NiFeLDH 22
9:1 NiFeLDH 2.3
8:1:1 NiFeCoLDH 2.2

3.2. Computational Results

DFT calculations were employed to investigate the geometry, electronic, and optical properties of LDH materials, offering
valuable insights into their characteristics. First, a preliminary part of the computations i.e., the calculation of the magnetization of
the LDH catalysts and the optical gap has been done using CASTEP ¥’ code and the results are reported in the SI. Then, a detailed
geometric optimization was performed in VASP *# to confirm the trustworthiness of the model cells used. Finally, a comprehensive
investigation of the magnetization, electronic, and optical properties of the LDH materials has been performed using the VASP

code. The results are discussed in the following sections.

3.2.1. Geometric Properties
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We classified our calculations into two groups, i.e., (i) the optimized configurations in which the unit cell and atomic positions

of all structures are optimized and relaxed (Figure 4), and (ii) the unoptimized configurations which are obtained from XRD

spectrum fitting, and thus the position of atoms and the unit cell is fixed during the electronic and optical calculationsyHemevennine
DOI: 10.1039/D5CP0O1022E

the geometrical refinement of these structures using PBE+U leads to similar lattice parameters compared to experiments with
negligible atom displacement of <0.001 (see Figure S11). It is therefore reasonable to assume that the unoptimized crystal cell
geometries are close representations of the lowest-energy structures. As confirmed by Dionigi et al. 3!, these catalysts in their o-
phase consist of Fe, Co, and Ni ions with different oxidation states within the layers of a-phase structures, where COs?- and H,O

ions are intercalated between these layers 3! (see Figure 4).

%MMM» Mw A bhads

oumo—mqocwmmdoanm

*W*W#W‘

b—wo-co ©-0000 | 0—aS |00 mm."°

NO ('b)' o (C)

Figure 4. The optimized configurations of a-Ni(OH), (a), 3:1 NiFeLDH (b), and 6:1:1 NiFeCoLDH (c). Color code: red, O; gray, Ni; orange, Fe;
blue, Co; white, H; and brown, C.

The magnetization of all the studied LDHs in their optimized and unoptimized state is investigated in detail. Different possible
antiferromagnetic arrangements are considered for each structure. We found that optimizing the structures affects their anti-
ferromagnetic properties, specifically on doped complexes. The results were similar to those obtained by CASTEP (given in Table
S2) but the primary difference was that the optimized 3:1 NiFeLDH and unoptimized 6:1:1 NiFeCoLDH had a G-type and C-type
ground state, respectively (see Tables S3 and S4). The observed difference is not significant, as the energies of the C-type and G-
type states for this material are extremely similar in all cases. It is plausible that minor variations, such as changes in cutoff energy,

k-point spacing, and whether geometry optimization has been performed, could potentially influence the order of these states.

For a better understanding of the reactivity of the LDH structures in connection with OER, binding energies for H and OH
were investigated using a slab of the LDH materials to which periodic boundary conditions were applied in the x and y directions.
A vertical vacuum layer of 20 A was added to minimize interactions between the slabs. All atomic positions were fully relaxed
during the optimization process. H binding energy was calculated by introducing a H vacancy on the surface. H-vacancies
considered in 3:1 NiFeLDH involved H removal from the O atom placed between the three Ni atoms (Hyinini) or between the two
Ni atoms and one Fe atom (Hyinire), see Figure S12. H-vacancies considered in 6:1:1 NiFeCoLDH involved H removal from the
O atom placed between the three Ni atoms (Hyinini), Or between the two Ni atoms and one Fe atom (Hyinire), OF between the two
Ni atoms and one Co atom (Hyinico) (Figure S12). These configurations were also used for calculating the binding energy of the

OH vacancy. Binding energies of H (E,y)) and OH (Eyon)) were calculated using:
Eb(H/OH) = Ecnmplex - Edefective complex EH/OH (2)
where Ecomplex> Edefective complex» ad Egyon are the calculated total energies of pure LDH, the defective H and OH configurations, and

the energy of single H or OH atoms, respectively. The Ey) and Eyony values so obtained for a-Ni(OH), LDH, 3:1 NiFeLDH, and

6:1:1 NiFeCoLDH are -2.21,-0.47,-1.17 ¢V and -2.08, -3.21, -3.33 eV, respectively. Binding energies with smaller negative values
(closer to 0) indicate a more favorable interaction between the gaseous species and the surface of the catalyst. Our results indicate
that while the OH vacancy on the 3:1 NiFeLDH surface is less favorable for catalyzing the OER, the H- vacancy on the same
surface makes the catalyst highly active for OER with a lower E,y, adsorption energy of -0.47 eV.

According to the findings of Dionigi et al. 3', there is a reversibility of the a-to-y phase transformation by comparing the
interlayer distances before and after increasing the potential. They believe that there is a contraction on both interlayer distances

and in-plane bonds upon the transition of a-Ni(OH), to its oxidized form y-NiOOH along with all the other doped configurations.
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Although this contraction is for about 8%, they confirmed experimentally that only a fraction of the LDHs in their specific

measurements undergo phase transitions under OER potentials. They explained that this might be due to the inaccessibility of some
nanoplates in the catalyst’s film with the electrolyte or the external electrical circuit. According to their investigations, thevinterlayere

DOI: 10.1039/D5CP01022E
distances are calculated to be about 7.7 A for both 3:1 NiFeLDH and 3:1 CoFeLDH. However, there has been no evidence to

confirm the difference between the interlayer characteristics of the y-NiOOH-type phase and other phases such as B-NiOOH-type

phases 3. Although these measurements were not the focus of our investigations, our calculations align well with those of Strasser’s
work 3!. We confirm a negligible contraction of the interlayer distance from 7.82 A in the pure a-Ni(OH), to 7.80 and 7.77 A in

doped structures of 3:1 NiFeLDH and 6:1:1 NiFeCoLDH, respectively. Consequently, this leads to a small contraction of local Ni-
0, Fe-0, and Co-O distances for about 0.02 A in doped structures which are not significant. Similarly, Kang et al. “° found that in

contrast to the traditional one-electron transfer in multilayer materials, in a monolayer Ni(OH), nanosheet, a two-electron transfer
occurs. They predicted that the first oxidation process Ni?* — Ni** (from a-phase to the y-phase) occurs easily while the second

electron transfer Ni** — Ni*" is strongly limited in multilayer materials. This can be due to the interlayer hydrogen bonds and also
the domain H structure induced by the Jahn—Teller distortion of the Ni**-centered octahedral.

Moreover, we performed the Bader charge analysis #! to calculate the charge density accumulation and depletion on the atoms,
especially on the dopants. Our results indicate that upon doping, a great charge transfers from the dopants, Fe or Fe and Co, to the
surrounding oxygen atoms. Table S5 lists the calculated Bader charges in each structure. One can see that in 3:1 NiFeLDH
structure, there is a significant charge depletion and accumulation on Fe and O atoms, respectively, specifically on the atomic
oxygen placed between two Ni atoms and one Fe atom, namely Oy;.reni. Introducing the second co-dopant, the Co atom, into the
structure of 3:1 NiFeLDH, the same trend can be seen where the charges are mainly accumulated and depleted on Fe and Oyi.reni
atoms, respectively. While the Co atoms are subject to a greater charge depletion than the Ni Atoms in the 6:1:1 NiFeCoLDH
structure, we estimate that the Fe atom is the main active site of the complexes. Thus, we confirm that single-atom doping into the
pure structure of a-Ni(OH), significantly enhances the charge transfer ability and consequently might have a considerable effect

on the electronic and optical properties of the studied LDH materials.

3.2.2. Electronic Properties

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Our experimental investigations confirmed that doping Ni(OH), (primarily a-phase) with Fe, or both Fe and Co, distinctly alters its
electronic properties, irrespective of the inclusion of AuNPs. However, to have a better insight into the electronic properties of the

LDH materials, detailed electronic calculations are performed. Tables S6 and S7 listed the calculated band gaps of both optimized and

Open Access Article. Published on 05 August 2025. Downloaded on 8/10/2025 7:20:04 PM.

unoptimized LDH materials for configurations with both ferromagnetic and antiferromagnetic properties. Figure 5 demonstrates the

spin-polarized projected density of states (PDOS) split into contributions from individual O, Ni, Fe, and Co atoms. One can see in

(cc)

Figure 5(a) that the energy difference between the valence band maximum and conduction band minimum for A-AFM a-Ni(OH),
structure is primarily composed of the Ni and O atomic orbitals, respectively, with the band gap of E, = 3.67 eV (see Table S6).
However, these results support our experimental observation that the band gap of undoped a-Ni(OH), is larger than that of the doped
materials. It is worth noting that while there are variations in band gaps between optimized and unoptimized structures, the overall
trends remain consistent. The p orbitals of oxygen atoms and the d orbitals of Ni atoms are mainly below and above the Fermi level,
respectively. This can also be seen in the corresponding band structure plot in Figure 5(b). The peaks that cross the Fermi level of o-
Ni(OH), configuration might be related to the intercalated species. However, as we expected, pristine 0-Ni(OH), prohibits harvesting

UV light (~4 e¢V) due to its large band gap (~5 eV).

Upon doping a-Ni(OH), with Fe or with Fe and Co atoms, the band gap significantly reduces to 2.78 and 1.27 eV, respectively
(Figures 5 (c) and (e)). This is due to the in-gap states originating from the hybridized d-orbitals of the doped transition-metal atoms
with the p-orbitals of O in the doped structures in addition to the O hybridization with Ni d-orbitals, which can be seen in both the
PDOS and the band structure plots. In 3:1 NiFeLDH, spin-up and spin-down peaks of Fe d-orbitals lie between the p-orbitals of O and
the d-orbitals of Ni (Figures 5(c) and (d)), while in 6:1:1 NiFeCoLDH the d-orbitals of Co appear between the d- and p- orbitals of Fe
and O (Figures 5(e) and (f)), respectively. This leads to a higher band gap reduction in 6:1:1 NiFeCoLDH. Note that the theoretical

band gaps here are lower than the corresponding experimental values, which is to be expected due to the tendency of PBE+U to

9
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underestimate the band gaps in solids with tightly bound d electrons. Results for the unoptimized structures are similar (Table S7,
Figure S13). While Fe is the main contributor to band engineering and photocatalytic activation in 3:1 NiFeLDH, the introduction of
Co in 6:1:1 NiFeCoLDH provides distinct complementary effects. Our PDOS analysis shows that Co d-states appear betweenatheeFeine
and Ni states, contributing to further band gap reduction and a more continuous density of states near the Fermi le\?e?.‘ :l\il%%g(z)?f/e?? ]%z(()ilegzz :
charge analysis suggests significant charge depletion on Co atoms, which enhances the local electric field around oxygen active sites.
Although the reduction in interlayer spacing upon Co doping is minimal (from 7.82 A in o-Ni(OH), to 7.77 A in 6:1:1 NiFeCoLDH),
it may still influence the stability and ionic conductivity of the catalyst under electrochemical operation. Therefore, we propose that
Co doping, while secondary in magnitude to Fe, enhances the performance of the LDH system by refining the band structure and

contributing to improved electrochemical resilience. The PDOS analysis for unoptimized structures is given in the SI Figures S14-

S16 and largely confirms the above.
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Figure 5. PDOS and band structure of (a,b) a-Ni(OH),, (c,d) NiFeLDH, and (e,f) NiFeCoLDH.

3.2.3. Optical Properties

3.2.3.1. Optical Absorption

To gain deeper insights into the photocatalytic properties of both pure and doped LDH structures, we analyze various
representative plots to visualize their optical response. The optical properties are calculated from the frequency-dependent complex
dielectric function &(w) = &1(w) + &2 (w) using the method of Gajdos et al., 4> where the £, (w) and &, (w) are the real and
imaginary parts of the dielectric function, and w is the photon frequency. Subsequently, the other optical properties i.e., refractive
index n(w), loss function L(w), reflectivity R(w), and absorption coefficient a(w) can be computed from &4 and &, (both are plotted
and shown in Figure S17 and an explicit expression of the optical quantities in terms of &1 and &, is given in the SI). The calculated

refractive index is shown in Figure S18.

The photoconversion efficiency is of great importance for a photocatalyst. The calculated optical absorption plots of the pure
0-Ni(OH), and the tailored structures are given in Figure 6(a). One can see that in the absence of AuNPs, all the materials absorb
light mainly in the UV range. As was expected, a-Ni(OH), has only marginal absorption in the visible light range. Although doping
a-Ni(OH), with Fe or both Fe and Co atoms has a great effect on their electronic properties, it has a negligible effect on their optical

properties due to their marginal absorption in the visible range.
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Figure 6. (a) Simulated optical absorption spectra of LDH materials along with the corresponding theoretical K-M transformations for (b) Ni(OH),,
(c) 3:1 NiFeLDH and (d) 8:1:1 NiFeCoLDH (using 6:1:1 NiFeCoLDH model).

3.2.3.2. Optical Gap (Kubelka-Munk Transformation)

Previously, we calculated the electronic properties of the catalysts and estimated the band gap of the materials. However,
finding the optical gap of a semiconductor is also important for the determination of the wavelengths that activate the photocatalyst.
Hence, we utilized the K-M transformation on our simulated absorption spectra, similar to our approach with experimental diffuse
reflectance spectra, where absorption is directly used instead of being derived from reflectance.

The resulting absorption spectrum for a-Ni(OH), is given in Figure 6 (b). The optical gap values obtained from the linear fits
F(R)? and F(R)"? versus E are in close agreement with our experimental finding that a-Ni(OH), has a larger energy scale (> 4 eV).
This confirms that a-Ni(OH), can hardly generates electron-hole pairs and resonate upon light illumination and therefore is inactive
for OER. In doped catalysts, the energy scale reduces significantly to values of < 2.5 eV, a minimum optical gap of a
semiconductor that is being used for photocatalytic OER. This consequently enhances the electron current because of light
illumination and the OER (Figures 6(c) and (d)). We confirm that Fe or Fe and Co doping into the a-Ni(OH), structure has a
profound effect on the electrical and optical properties by reducing the fundamental and optical band gap that slightly facilitates
the photocatalytic OER.

Although we experimentally confirmed the enhanced OER performance of Au-coupled LDH materials, we found that the
electronic properties of the LDH materials remain unchanged when coupled with AuNPs. However, the presence of coupled AuNPs
notably accelerates light absorption and energy transfer to the LDH materials, resulting in a significant enhancement of the OER
process. The OER enhancement on similar structures has been previously investigated and reported 444, Simulating these materials
and elucidating the details of OER mechanisms are beyond the scope of this paper. Instead, our primary focus lies in the

understanding of the origin of the energy transfer mechanism.
3.2.4. Role of Plasmons in OER

The photocatalytic performance of semiconductors is highly dependent on their band energies 4. It is known that the potentials
of the photochemical OER (1.23 V) should straddle the conduction band and the valence band levels. Thus, the minimum band
gap of a semiconductor that is being used for photocatalytic OER should be in the range of 1.9 to 2.3 eV considering the required
overpotentials associated with thermodynamic losses “¢. Therefore, single semiconducting photocatalysts are not highly efficient
for solar conversion. Additionally, using AuNPs coupled with a semiconducting photocatalyst forms an Au@semiconductor
heterojunction that can significantly increase light absorption and has great potential in the catalyst’s photosensitization %2047,

As we discussed in previous sections, the narrow band gap observed in the NiFeLDHs and 8:1:1 NiFeCoLDH renders them
more suitable for application in photocatalytic OER compared to the pristine a-Ni(OH), with a wider band gap. Our experimental
and theoretical findings confirm that using AuNPs as plasmonic nanostructures on top of the LDH catalysts enhances the current

density and consequently, increases their photocatalytic activity for OER (see Figure 2).
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Since we observe a plasmonic enhancement in undoped gold-decorated Ni(OH),, although it is less than that seen in doped

materials, we acknowledge that multiple mechanisms, including the one we have proposed, are likely at play. To clarify the

nature of the plasmon-induced enhancement, we considered both hot electron injection (HEI) and PIRET. According Ae-@utine
DOI: 10.1039/D5CP0O1022E

theoretical investigations, the conduction band minimum (CBM) of the doped LDH lies above the Fermi level of the plasmonic
metal which makes the HEI energetically unfavorable. Furthermore, XPS and UPS data indicate negligible band bending or
Schottky barrier formation at the metal-semiconductor interface, making HEI even more unfavorable. In contrast, the spectral
overlap between the plasmon resonance and the LDH absorption edge, together with the unchanged absorption onset and the
enhanced band-edge PL intensity, enhanced the possibility of a dominant PIRET mechanism. These results are consistent with
previous reports “-3 and indicate that energy transfer via (a non-radiative) dipole-dipole coupling controls the observed
photocatalytic enhancement. The original mechanism proposed by Liu et al., 2* is still valid for explaining the plasmonic
enhancement seen for Ni(OH),. Additionally, Dionigi and coworkers 3! detail additional structural changes in the materials
throughout oxidation that may change the mechanism as well. In doped materials, we propose that PIRET occurs

simultaneously with other mechanisms, and the effects of plasmonic enhancement are additive.
3.2.4.1. The Plasmonic Energy Transfer Mechanism

PMNPs are well known to enhance solar energy conversion in semiconductors through three different mechanisms: light
trapping, hot electron transfer, and PIRET. When the bandgap of the semiconductor is less than 2.5 eV and the plasmonic resonance
of the metal falls within the visible or near-infrared (NIR) range, these plasmonic energy transfer mechanisms yield maximum

solar energy conversion efficiency and enhanced catalytic activity '°.

The plasmon’s near field can non-radiatively excite charge carriers in the semiconductor via the PIRET mechanism. Coupling
with PMNs doubles the photovoltaic and photoelectrochemical efficiency of the semiconductor *®4°, Upon light absorption, the
excitation of a plasmon in AuNP generates a dipole, which then drives the transfer of energy from the AuNP to the photocatalyst
through the production and amplification of charge carriers via dipole-dipole interactions **3!, and results in an enhanced OER.

Photon

18V Photen
N

256V

NiFeLDIL

NOOLL

Figure 7. A schematic illustration of the PIRET mechanism.

Our experimental observations and theoretical modeling confirm that Ni(OH), * Au carries smaller solar activity for OER than
NiFeLDH ¢ Au and NiFeCoLDH ¢ Au, where the highest photocatalytic activity (22% of current density) is provided by NiFeLDH
* Au. Figures 5 and 7 show that the in-gap states introduced by the Fe dopants promote the PIRET mechanism and facilitate energy
transfer from AulNPs to both the conduction and valence bands of the NiFeLDHs, which align well with the incident laser energy
52,53 In contrast, the band gaps in a-Ni(OH), and 8:1:1 NiFeCoLDH are not well aligned, which hinders the formation of high
current densities. Figure 7 indicates that an electron is transferred from an occupied oxygen band to an empty Fe band in PIRET,
but since oxygen is hybridized with Ni, the effective reaction is triggered by PIRET is: Ni** + Fe>* — Ni** + Fe?* The highly
oxidized Fe3*4 % state of iron makes it an excellent dopant for contributing empty d bands to reduce both the band gap and the
optical gap. In this way, after Ni** formation and resonant energy transfers through the layered structure, PIRET initiates OER and
enhanced kinetics.

Moreover, LDHs are known as materials with relatively good structural stability. However, their long-term performance under
continuous irradiation and in aqueous environments may be affected by phase transformation or leaching of metal ions. Similarly,
plasmonic nanoparticles can undergo morphological changes or surface oxidation over time, which leads to the reduction of their
photocatalytic enhancement effects. Future work will be necessary to optimize the composite structure and surface passivation to
enhance long-term stability for practical applications. Our experimental observations support our viewpoint that the changes in the
electronic structure that drive enhanced photocatalytic activity of the doped LDH materials are not due to structural changes, but

12
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are a consequence of the introduction of in-gap states by the dopants. The identity of the dopant(s) thus plays a crucial role in
regulating the contribution of the PIRET process. Notably, dopants have been shown experimentally ' to impact the potential of
the Ni?*/Ni** redox couple, with a negative (positive) shift associated with Co (Fe) dopants 3, even though the onset potentialcanshiine
more importantly, the thermoneutral potential are affected minimally. It is clear that the onset of the OER p%%h%?éﬁflgéﬁg T]%llE)IZZE
structures is driven by electronic mechanisms involving changes in electronic structures and effects of dopants.

Furthermore, the present results can be rationalized in terms of the Resonant Energy Transfer model of King et al. ¢ while this
formalism has been applied to a real case in Ref ¥7. As discussed above, since AuNPs and NiFeLDH possess an energy gap of
nearly the same size, they can be coupled resonantly to drive the PIRET mechanism, whose efficiency and spatial range can be
estimated using the near-field resonance of electric dipoles along the lines of Ref. 1. Figure S19(a) depicts the efficiency of the
energy transfer process as a function of distance R, while Figure S19(b) shows that for R = 2 nm, exciton transfer from AuNPs

occurs within a few femtoseconds. Interestingly, the exciton transfer exhibits a damped oscillatory behavior depending on the

exciton lifetime, indicating that exciton transport can resemble coherent behavior rather than the usual diffusion-like transport.

4. Conclusion

In summary, we successfully synthesized and characterized the structure of 0-Ni(OH), LDH and its doped structures i.e.,
NiFeLDH, and NiFeCoLDH. We confirmed experimentally and theoretically, that modifying the pristine Ni(OH), LDH has a great
impact on its electronic and optical properties. More specifically, the introduction of single Fe atom and co-doped Fe and Co atoms
into the lattice structure of a-Ni(OH), reduces its large band gap and introduces additional flat bands. Also, we studied the effect
of coupling these LDH materials with AuNPs on catalyzing the OER, thereby proposing the non-radiative energy transfer
mechanism between the AuNP and the LDH materials through electromagnetic field-mediated dipole-dipole interaction, namely
PIRET. The produced in-gap states introduced by the dopants, specifically Fe, provide resonance channels with the AuNP surface
plasmon peak at about 2.5 eV, facilitating the occurrence of the PIRET mechanism. The highly efficient PIRET mechanism
indicates a great role in boosting the photocatalytic activity of the LDH catalysts for OER. Our results offer insights into developing
photocatalytically active catalysts using doping techniques. This work offers doping techniques as a promising approach to
manipulate the band structure, thereby facilitating the occurrence of the PIRET mechanism in the resulting photocatalyst and

consequently boosting the OER.
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Supplemental Information

Open Access Article. Published on 05 August 2025. Downloaded on 8/10/2025 7:20:04 PM.

Document S1. Supplemental experimental procedures and data. Figures S1-S19 and Tables S1-S8 including tandem electron

microscopy images and UV-vis spectra of synthesized materials; cyclic voltammagrams for nickel-based LDHs; crystal cell structures

(cc)

constructed for modeling purposes; parameters of band structure calculations in CASTEP; X-ray diffraction spectra of Ni-based LDHs
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